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ABSTRACT

Hepatitis C virus (HCV) productively infects hepatocytes. Virion surface glycoproteins E1 and E2 play a major role in this restricted
cell tropism by mediating virus entry into particular cell types. However, several pieces of evidence have suggested the ability of patient-
derived HCV particles to infect peripheral blood mononuclear cells. The viral determinants and mechanisms mediating such events
remain poorly understood. Here, we aimed at isolating viral determinants of HCV entry into B lymphocytes. For this purpose, we con-
structed a library of full E1E2 sequences isolated from serum and B lymphocytes of four chronically infected patients. We observed a
strong phylogenetic compartmentalization of E1E2 sequences isolated from B lymphocytes in one patient, indicating that E1E2 glyco-
proteins can represent important mediators of the strong segregation of two specialized populations in some patients. Most of the
E1E2 envelope glycoproteins were functional and allowed transduction of hepatocyte cell lines using HCV-derived pseudoparticles.
Strikingly, introduction of envelope glycoproteins isolated from B lymphocytes into the HCV JFH-1 replicating virus switched the en-
try tropism of this nonlymphotropic virus from hepatotropism to lymphotropism. Significant detection of viral RNA and viral pro-
teins within B cells was restricted to infections with JFH-1 harboring E1E2 from lymphocytes and depended on an endocytic, pH-de-
pendent entry pathway. Here, we achieved for the first time the isolation of HCV viral proteins carrying entry-related lymphotropism
determinants. The identification of genetic determinants within E1E2 represents a first step for a better understanding of the complex
relationship between HCV infection, viral persistence, and extrahepatic disorders.

IMPORTANCE

Hepatitis C virus (HCV) mainly replicates within the liver. However, it has been shown that patient-derived HCV particles can
slightly infect lymphocytes in vitro and in vivo, highlighting the existence of lymphotropism determinants within HCV viral
proteins. We isolated HCV envelope glycoproteins from patient B lymphocytes that conferred to a nonlymphotropic HCV the
ability to enter B cells, thus providing a platform for characterization of HCV entry into lymphocytes. This unusual tropism was
accompanied by a loss of entry function into hepatocytes, suggesting that HCV lymphotropic variants likely constitute a distinct
but parallel source for viral persistence and immune escape within chronically infected patients. Moreover, the level of genetic
divergence of B-cell-derived envelopes correlated with their degree of lymphotropism, underlining a long-term specialization of
some viral populations for B-lymphocytes. Consequently, the clearance of both hepatotropic and nonhepatotropic HCV popula-
tions may be important for effective treatment of chronically infected patients.

Hepatitis C virus (HCV) infection is a major health concern,
with more than 170 million infected people worldwide.

Chronically infected patients may develop cirrhosis, liver failure,
or hepatocellular carcinoma (1), but also extrahepatic disorders,
including mixed cryoglobulinemia (2, 3), B-cell non-Hodgkin’s
lymphomas, or autoimmune diseases (3, 4). Whether the patho-
physiologic scenarios leading to such disorders involve a chronic
and sustained stimulation of the immune system or, in contrast,
direct infection and transformation of lymphoid cells is still a mat-
ter of debate.

HCV E1 and E2 envelope glycoproteins play a major role in
HCV entry (5), allowing viral attachment of the viral particle to
several receptors, endocytosis, and fusion of the viral membrane
with the endosomal membrane. Several cellular receptors have
been identified so far. The tetraspanin CD81 (6) is ubiquitously
expressed and is found in B lymphocytes, where it acts as a co-
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stimulatory molecule. However, other entry factors such as the
scavenger receptor BI (SR-BI) (7) and the tight junction proteins
claudin-1 (CLDN1) (8) and occludin (9) have more restricted
expression profiles. The combination of receptors and expression
rates in hepatocytes is one element that explains why the liver
constitutes the main target for HCV particles. However, many
studies have shown that HCV may also infect peripheral blood
mononuclear cells (PBMCs) (10–17). Indeed, the presence of pos-
itive or negative HCV RNA as well as structural or nonstructural
viral proteins has been characterized in PBMCs of chronically
HCV-infected patients or in perihepatic lymph nodes (12–16, 18).
Other studies have reported the ability of serum-derived HCV
particles to infect PBMCs (3, 4) or particular human T-cell leuke-
mia virus type 1-infected cell lines (19, 20). More recently, a lym-
phocyte-derived CD5 molecule was identified as essential for in-
fection of T cells with native patient-derived HCV (21). Finally, a
study reported the establishment of a B-cell line deriving from a
HCV-infected patient non-Hodgkin’s B-cell lymphoma (22). This
B-cell line was able to replicate and produce a particular “SB”
full-length HCV variant which was able to infect hepatocytes but
also PBMCs and B-lymphocyte cell lines (22). However, no viral
propagation in these newly infected cell lines has been robustly
demonstrated so far.

Interestingly, HCV lymphotropism is also highly supported by
the presence of a nonrandom phylogenetic distribution between
HCV quasispecies deriving from PBMCs and serum compartment
(12, 13, 18, 23). This phenomenon, called compartmentalization,
suggests a specialization of particular HCV variants to lymphocyte
infection. So far, this compartmentalization has been reported for
the internal ribosome entry site (IRES) sequences (12, 13, 18) or
for the short hypervariable region 1 (HVR1) of envelope glyco-
protein E2 in the setting of chronic infection (17) or liver trans-
plantation (23). Only one study demonstrated the specialization
of the IRES-derived lymphotropic quasispecies in vitro by report-
ing a difference in translational efficiency of IRES between hepa-
tocyte and extrahepatic sequences (12). However, it is impossible
to study other aspects of lymphotropic infection as JFH-1 cell-
culture-produced HCV (HCVcc) cannot infect and replicate in
PBMC types (24, 25).

To better approach the paradox between the observed in vivo
and in vitro tropism and to identify lymphotropism determinants
in viral proteins, we combined for the first time phylogenetic com-
partmentalization analysis of full-length E1E2 sequences from
chronically infected patients with functional studies using in vitro
infection assays. We collected serum and B-cell samples from 13
chronically infected patients and managed to construct a substan-
tial collection of complete E1E2 sequences deriving from serum
and B cells for four chronically infected patients. We showed that
one patient harbored a high divergence rate and a clear phyloge-
netic dichotomy between lymphocyte- and serum-derived glyco-
proteins. Strikingly, this dichotomy was correlated to the ability of
lymphocyte-derived E1E2 sequences to confer to viral particles
the ability to enter into different lymphocyte cell lines. By incor-
porating two lymphocyte-derived envelope glycoproteins onto
the JFH-1 virus, we were able to convert the entry tropism of this
virus from hepatotropism to lymphotropism.

Thus, our results suggest that some E1E2 genetic determinants
are involved in the maintenance and the strong lymphocyte spe-
cialization of a distinct viral subpopulation and provide an inter-
esting tool for further characterization of virus entry within B

lymphocytes. The characterization of such viral variants as well as
of their genetic basis represents an important step toward a better
understanding of HCV extrahepatic pathogenesis, virus persistence,
and immune escape.

MATERIALS AND METHODS
Patients. Serum and B lymphocytes (CD19) were isolated from 13 pa-
tients chronically infected by HCV. Patients did not receive any treatment
before sample collection, and they did not present any sign of lymphomas.

Cell lines and reagents. Human Huh-7.5 cells (a kind gift from C.
Rice, Rockefeller University, NY) and 293T kidney cells (ATCC CRL-
1573) were grown in Dulbecco’s modified Eagle’s medium (DMEM) (In-
vitrogen) supplemented with 10% fetal bovine serum (FBS). Raji (ATCC
CCL-86), Daudi (ATCC CCL-213), Molt4 (ATCC CRL-1582), and X174
(ATCC CRL-1951) cells were grown in RPMI 1640 medium (Invitrogen)
supplemented with 10% fetal bovine serum (FBS). For Western blotting,
the rat anti-E2 clone 3/11 (26) and the mouse anti-HCV E2 clone H52
(27) are kind gifts from J. Dubuisson (Institut Pasteur, Lille, France) and
H. Greenberg (Stanford University, CA), respectively. Murine leukemia
virus (MLV) capsid was detected by a goat anti-MLV-CA antibody anti-
p30 (Viromed). CD81 staining and neutralization assays were performed
using the mouse anti-human CD81 JS81 clone conjugated with R-phyco-
erythrin (BD Biosciences). NS5A-positive cells and HCVcc focus-forming
units (FFU) were determined after immunostaining with a mouse anti-
HCV NS5A antibody 9E10 (28) (kind gift of C. Rice).

RNA isolation and E1E2 cloning. Viral RNAs were isolated from se-
rum using the QIAamp viral RNA minikit (Qiagen) or from B lympho-
cytes (CD19) and Raji cell lines using the RNeasy minikit (Qiagen). E1E2
envelope glycoprotein sequences were reverse transcribed (Superscript II;
Invitrogen), amplified through two successive nested PCRs, and cloned
into a phCMV expression plasmid in fusion with the C-terminal part (18
amino acids) of the HCV core (H77; GenBank accession no. AF009606)
encoding sequence that acts as a signal peptide sequence.

Production of HCVpp and infection. HCV pseudoparticles (HCVpp)
were produced in 293T cells and used to infect cell lines as previously
described (29, 30). Infected cells were quantified by FACSCanto II (BD
Biosciences) to measure percentages of green fluorescent protein (GFP)
expression. Prior to infections, equivalent levels of MVL-CA in cell super-
natant for each HCVpp were verified in order to ensure infection with
equal amounts of pseudoparticles.

Expression and incorporation of E1E2 glycoproteins into viral par-
ticles. Transfected 293T cells were lysed, and the nucleus was removed by
centrifugation at 12,000 rpm for 10 min. Pseudoparticles were purified
and concentrated from the cell culture medium by ultracentrifugation at
82,000 � g for 1 h 45 min through a 20% sucrose cushion. Cell lysates and
viral pellets were subjected to Western blot analysis using antibody 3/11
and an anti-MLV-CA antibody as described previously (29).

HCVcc production, infection, and quantification. Plasmid pFK
H77/JFH1/HQL (a kind gift of R. Bartenschlager), displaying adaptive
mutations (Y835H in NS2, K1402Q in NS3, and V2440L in NS5A) that
enhance the production and infectivity of HCVcc particles, was used. L1a
and L3k E1E2-encoding sequences (without core-encoding sequences)
were inserted into the H77/JFH1/HQL genome to generate, respectively,
the L1a/JFH1 and L3k/JFH1 recombinant genomes. Derived HCV RNAs
were electroporated in Huh-7.5 cells as described previously (7, 29). Huh-
7.5 cells were infected with different dilutions of cell culture supernatants
harvested at 48 h and 72 h postelectroporation or with intracellular viral
particles obtained 72 h postelectroporation after 3 freeze-thaw cycles of
Huh-7.5. Four days postinfection, focus-forming units (FFU) were visu-
alized after NS5A immunostaining. To quantify viral particle production,
viral RNAs were isolated from cell supernatant using Tri Reagent solution
(Sigma-Aldrich) as recommended by the manufacturer. Viral RNAs were
then reverse transcribed using random primers (Bio-Rad) and quantified
by quantitative PCR (qPCR) using a light cycler LC480 (Roche Applied
Science) as described previously (29).
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Raji cell infections. For HCVcc infection of Raji cells, Huh7.5 cells
were electroporated with different HCVcc viruses, and cell culture super-
natants were collected 72 h postelectroporation. Viral RNAs were isolated
from cell supernatant using Tri Reagent solution (Sigma-Aldrich) as rec-
ommended by the manufacturer, reverse transcribed using random prim-
ers (Bio-Rad), and quantified by qPCR as described previously (29) using
JFH-1-specific primers. Following reverse transcription qPCR (RT-
qPCR), 5 � 105 Raji cells were then infected with equal amount of genome
equivalent (GE) viral particles (4.5 � 105 genome-equivalent viral parti-
cles). Infection was stopped 4 days postinfection. Cells were fixed with 2%
formaldehyde for 20 min at room temperature and then washed and per-
meabilized with Perm/Wash buffer (BD Biosciences) for 15 min at 4°C.
NS5A expression levels were then quantified using anti-NS5A antibody
9E10 by flow cytometry (FACSCanto II; BD Biosciences). To quantify
viral particle production, Raji cell supernatants were collected 4 days
postinfection. Viral RNA was isolated using Tri Reagent solution (Sigma-
Aldrich), reverse transcribed using random primers (Bio-Rad), and quan-
tified by qPCR as described previously. In parallel, Raji cells were har-
vested 4 days postinfection, washed and lysed (RNeasy minikit; Qiagen).
Total cell-associated viral RNAs were then isolated using the RNeasy
minikit (Qiagen). To quantify viral RNA within Raji cells, total RNA was
either subjected to 2 rounds of nested PCR using JFH-1- and E1E2-spe-
cific primers successively or to a one-step reverse transcription-PCR (RT-
PCR). One-step RT-PCR was performed using Multicode-RTx HCV
RNA kit (Eragen; for HCV RNA quantification) or a one-step RT-qPCR
SYBR green kit (Bio-Rad; for GAPDH [glyceraldehyde-3-phosphate de-
hydrogenase] mRNA quantification) and a light cycler LC480 (Roche
Applied Science), according to the manufacturers’ instructions.

Anti-CD81 and bafilomycin A1 neutralization assays. For the CD81
neutralization assay, 5 � 105 Raji cells were incubated with anti-human
CD81 antibody (JS81 clone R-phycoerythrin conjugated at a dilution of
1/100; BD Biosciences) for 1 h at 37°C. Cells were then washed with phos-
phate-buffered saline (PBS) two times and infected with equivalent
amount of HCVcc particles as described above. For the bafilomycin A1
neutralization assay, Raji cells were pretreated with dimethyl sulfoxide
(DMSO) or 20 nM bafilomycin A1 for 30 min at 37°C. Cells were infected
with equivalent amount of different HCVcc viruses premixed with DMSO
or 20 nM bafilomycin A1. Four days postinfection, cells were lysed
(RNeasy minikit; Qiagen), total RNA was extracted, and the levels of cell-
associated viral RNA and GAPDH mRNA were determined by one-step
RT-qPCR as described above. To control the absence of toxicity of the
bafilomycin A1 on cell viability and surface protein expression, naive Raji
cells were pretreated for 30 min with DMSO or 20 nM bafilomycin A1,
washed, and then incubated for 4 days with cell medium premixed with
DMSO or with 20 nM bafilomycin A1, respectively. Cells were then
stained using a propidium iodide staining solution (Affymetrix) and an
anti-CD81 antibody (JS81 clone R-phycoerythrin conjugated at a dilution
of 1/100; BD Biosciences) for 15 min and 1 h, respectively, at 4°C, washed
two times, and fixed (1% paraformaldehyde [PFA], 1% FBS, PBS). Cell
population profiles, cell death, and CD81 expression were then assessed
by flow cytometry (FACSCanto II; BD Biosciences). For the vesicular
stomatitis virus pseudoparticle (VSVpp) entry inhibition assay, Raji cells
were treated with DMSO and 10, 25, or 50 nM bafilomycin A1 for 30 min
at 37°C. Cells were then washed two times and infected with equivalent
amount of VSV glycoprotein-harboring pseudoparticles (VSVGpp) pre-
mixed with DMSO or with the respective bafilomycin A1 concentration.
Six hours postinfection, cells were washed with PBS two times and incu-
bated at 37°C. Four days postinfection, cells were fixed (1% PFA, 1% FBS,
PBS), and GFP expression was analyzed by flow cytometry (FACSCanto
II; BD Biosciences).

Individual and global phylogenetic analysis. E1E2 sequences were
translated into protein sequences and aligned with MUSCLE v3.6 (31) for
each patient individually or altogether. For individual analysis, reference
sequences of genotypes 1b (gt1b) (AY734975), 2a (AY734977), and 3a
(AY734984) were included for patients 1, 2, and 3, respectively. For global

analysis, reference sequences of genotypes 1b, 2a, and 2b (AAW65874) as
well as 3a were included. The E1E2 sequence of virus SB was also added.
Sequence S2g was removed from the protein alignment as several inser-
tions and/or deletions led to an aberrant protein sequence when aligned.
Misaligned regions were removed with BMGE (32). A maximum likeli-
hood tree was built under the LG � G model (4) with PhyML v3.0.1 (33).
Then 100 bootstrap replicates were generated with the same model to
assess the tree topology. The tree was rooted using the midpoint root. A
tree based on the nucleotide alignment of the same data set (but including
S2g) was built with the same methods and programs under a GTR � G
model (4) and gave a consistent topology.

Statistical analysis. Statistical analyses were performed using a
Mann-Whitney or Wilcoxon test. When applicable, data are presented
as mean � standard deviation and results of the statistical analysis are
shown as follows: ns, nonsignificant (P � 0.05); *, significant (P �
0.05); **, very significant (P � 0.01).

Nucleotide sequence accession numbers. Nucleotide sequences have
been submitted to GenBank under the following accession numbers: H77
gt1a envelope, AF009606; SB complete genome, KM349851.1; JFH-1 ge-
nome, AB047639; J6 gt2a envelope, AF177036; UKN3A envelope,
AY734985; Ref1b envelope, AY734975; Ref2a envelope, AY734977; Ref2b
envelope, AAW65874; and Ref3a envelope, AY734984.

RESULTS
Construction of an E1E2 collection from patient’s sera and B
lymphocytes. To analyze E1E2 compartmentalization and iden-
tify potential lymphotropic sequences, we first aimed at generat-
ing a collection of E1E2 sequences collected from both serum and
B cells of 13 chronically infected patients. Using a limited dilution
protocol (34), we successfully managed to isolate and amplify, by
reverse transcription and nested PCR, 119 E1E2 sequences from
sera and B lymphocytes of nine patients (Fig. 1). All of the isolated
cDNA was then cloned into the expression plasmid and se-
quenced. To limit the risk of a genetic bottleneck due to cDNA
amplification from a single pool of isolated viral RNA, we per-
formed several cDNA amplifications from independent viral RNA
preparations, derived from both patient compartments (serum
and B cells).

Despite different strategies, no sequence amplification could
be achieved in 4 patients. For four other patients, the amount of
E1E2 sequences isolated per patient (22 in total) was not sufficient
for further phylogenetic analysis. Indeed, for these patients, only
serum-derived sequences (6 sequences from 2 patients) or a lim-
ited number of both serum- and B-cell-derived sequences (16 se-
quences from 2 patients) could have been isolated (Fig. 1).

In contrast, the numbers of E1E2 sequences isolated per pa-
tient were substantial in both compartments for the five remain-
ing patients (97 sequences in total: 52 serum-derived sequences
and 45 B-cell-derived sequences) (Fig. 1). However, as E1E2 se-
quences harbored a significant genetic diversity for only four pa-
tients, we decided to use the sequences deriving from these pa-
tients’ serum and B-cell compartments for our phylogenetic and
functional studies (Fig. 1). In total, 80 sequences were isolated
from these patients, of which 42 were serum derived and 38 were
B-cell derived. These four patients, designated patients 1, 2, 3, and
4, harbored serum-derived sequences of genotypes 1b (gt1b), 2a,
3a, and 2b, respectively (Fig. 1).

E1E2 sequences present a strict compartmentalization in
some chronically infected patients. We then aimed to analyze the
phylogenetic compartmentalization of our collection of E1E2 se-
quences for each patient individually. The trees obtained for pa-
tients 2, 3, and 4 display no clear separation between serum-de-
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rived (named S2, S3, and S4) and lymphocyte-derived (named L2,
L3, and L4) sequences (Fig. 2B, C, and D). Moreover, branch
distances are very short, indicating a very low divergence rate be-
tween serum- and lymphocyte-derived glycoprotein genes (re-
spectively, 99% and 96% sequence identity on average). On the
other hand, the tree obtained for patient 1 sequences displays a
clear and complete dichotomy between serum-derived sequences
(named S1) and lymphocyte-derived sequences (named L1)
branching separately (Fig. 2A). This strong compartmentalization
indicates that all lymphocyte-derived viruses of patient 1 (L1) are
monophyletic. Importantly, lymphocyte-derived glycoproteins
are very divergent from serum-derived ones, with 67% sequence
identity on average, and likely correspond to a different genotype.
As patient 4 exhibited a low number of isolated sequences, a low
E1E2 compartmentalization, and was infected by a viral genotype
similar to that of patient 2, the following functional studies mainly
focused on samples related to patient 1 (gt1b), 2 (gt2a), and
3(gt3a) (66 sequences, comprising 34 serum-derived sequences
and 32 B-cell-derived sequences).

E1E2 sequences isolated from both serum and B lympho-
cytes allow the generation of HCVpp transducing hepatocyte
cell lines. To assess E1E2 functionality and the potential tro-
pism they provide, we generated HCV retroviral pseudopar-
ticles (HCVpp) and analyzed the expression and incorporation
of E1E2 envelope glycoproteins. We first analyzed by Western
blotting the expression of the E1E2 envelope glycoproteins fol-
lowing cotransfection of HEK293T cells with a murine leuke-
mia virus (MLV) Gag-Pol packaging construct and an MLV-
based transfer vector encoding the green fluorescent protein
(GFP). Overall, the isolated E1E2 sequences from patients 1, 2,
and 3 were correctly expressed, with only few exceptions (Table
1). In parallel, pseudoparticles harboring the different E1E2
envelopes were purified from cell culture supernatant, and in-
corporation of E1E2 onto particles was evaluated by Western
blotting. E1E2 incorporation onto HCVpp, as detected using
the 3/11 or H52 anti-E2 antibodies, appeared more heteroge-
neous than expression among patients and compartments. In-
deed, 33 out of 66 envelopes (Table 1) presented either a defect

FIG 1 Summary of the experimental procedures leading to the construction of a collection of E1E2 sequences deriving from serum and B cells of different
chronically infected patient. Serum (S) and B-cell (B) samples from 13 chronically infected patients were used to isolate and construct a collection of patient-
derived E1E2 sequences. Arrows indicate the different experimental routes engaged during the construction of the E1E2 collection (from top to the bottom). The
two first rows of circles indicate the different experimental outcomes encountered during sequence isolation and amplification in this study. Boldface numbers
in parentheses indicate the number of patients for each experimental procedure outcome. The third row of circles indicates the precise number of sequences
isolated for each sequence isolation experimental outcome. The last row of circles resume basic functional analysis performed for each sequence isolation
experimental outcome. “E2 detection” indicates that expression of E2 in HEK293T cells was detected for at least one isolated E1E2 sequence; “Huh7 infection”
indicates that a significant infection of Huh-7 was detected for at least one isolated E1E2 sequence incorporated onto a pseudoparticle. Numbers located below
the schematic representation indicate the number of isolated sequences in total or per group of sequence isolation experimental outcome. The collection of E1E2
sequences used for further phylogenetic and functional analysis in this study is highlighted in red. S, serum-derived sequences; B, B-cell-derived sequences.
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for incorporation or adopted a particular conformation onto
HCVpp undetectable by our antibodies.

We then tested the functionality and potential of E1E2 to con-
fer entry to HCVpp on Huh7.5 hepatoma cell lines (Fig. 3). Over-
all, HCVpp harboring patient 1 serum (S1) and B-lymphocyte-
derived E1E2 sequences (L1) were able to transduce hepatoma cell
lines more efficiently and significantly in comparison to patient 2-
and 3-derived E1E2 sequences (S2, S3, and L3, P � 0.05; L2, P �
0.053) (Fig. 3A). (Raw infectious titers related to individual enve-
lope glycoproteins are depicted in Fig. 3B.) Thus, the absence of
incorporation onto viral particles of the L1 envelopes was likely

due to a particular conformation adopted by E1E2 sequences that
is not recognized by the 3/11 or H52 anti-E2 antibodies (Table
1). Altogether, our data showed that 95% of patient 1 E1E2
sequences were fully functional to provide HCVpp entry into
hepatocytes, whereas, respectively, 33% and 44% of the patient
2 and 3 E1E2 sequences allowed efficient HCVpp hepatocyte
transduction (Fig. 3).

Chimeric HCVcc harboring lymphocyte-isolated E1E2 se-
quences (LyE1E2-HCVcc) are suboptimal for entry into hepato-
cyte cell lines. We then used HCVpp harboring the isolated E1E2
to infect different lymphocyte-derived cell lines, including two

FIG 2 Phylogenetic analysis of E1E2 envelope glycoproteins. Maximum likelihood trees were computed for the E1E2 envelope glycoprotein amino acid
sequences isolated from patient 1 (gt1b [A]), patient 2 (gt2a [B]), patient 3 (gt3a [C]), and patient 4 (gt2b [D]). The trees were rooted with the midpoint root,
and the numbers indicate bootstrap values for the major nodes. Black dots represent serum-derived sequences, and red dots indicate B-lymphocyte-extracted
sequences. White dots correspond to reference sequences of genotypes 1b, 2a, and 3a, respectively. The E1E2 envelopes this work particularly focuses on are boxed
in red squares.
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B-lymphocyte cell lines (Raji and Daudi), one T-lymphocyte cell
line (Molt4), and one chimeric B/T-lymphocyte cell line (X174).
Viral entry was not detectable or was poorly detectable for all of
the E1E2 envelopes and cell lines tested (Fig. 4). When detectable,
entry was restricted to HCVpp harboring particular L1 envelopes
(such as for HCVpp L1a or L1g), but such a phenomenon was
partially reproducible over the experiments, thus highlighting the
need to pursue the characterization of such envelopes with a more
suitable infection system. Even though HCVpp represents a good
model for testing the functionality of E1E2 complexes, these particles
do not recapitulate properly the cell entry and assembly pathways of
HCV particles. A major concern is that HCVpp do not interact with
the lipoprotein metabolism, a critical regulator of the HCV entry and
replication cycle. To overcome these limitations, we then used a cell-
culture-derived HCV (HCVcc JFH-1/H77 molecular clone), which
recapitulates the proper HCV entry pathway, as a platform for prop-
erly assessing the impact of B-lymphocyte-isolated E1E2 sequences
on HCV entry tropism. For this purpose, we constructed chimeric
cell-culture-derived HCV virus expressing either a strongly compart-
mentalized B-lymphocyte-isolated E1E2 sequence from patient 1
(L1a E1E2; HCVcc designated L1a/JFH1) or a poorly compartmen-
talized E1E2 sequence from patient 3 (L3k E1E2; HCVcc designated
L3k/JFH1) (Fig. 2A and D).

Following electroporation of the Huh7.5 hepatoma cell line
with LyE1E2-HCVcc, HCVcc H77/JFH-1, and �E1E2/JFH-1
RNAs, cell culture supernatant was harvested at 48 and 72 h post-
electroporation in order to assess viral particle production and
supernatant infectious titers. Cell culture supernatants from
Huh7.5 cells electroporated with LyE1E2-HCVcc RNA were
poorly infectious on Huh7.5 cells at 48 h and 72 h postelectropo-
ration, in contrast to cell supernatant containing the prototype
H77/JFH1 HCVcc (Fig. 5A). Consistently, quantification of ge-
nome-equivalent viral particles (i.e., RNA copy number per mil-
liliter) over time following electroporation showed that LyE1E2-
HCVcc viruses did not propagate as efficiently as HCVcc H77/
JFH-1 in cell culture (Fig. 5B). However, the impaired infectivity
of LyE1E2-HCVcc could not be resumed due to differences in
viral particle production at a specific time point (Fig. 5B) or dif-
ferences in viral particle release (Fig. 5C). Indeed, determination
of the L1a/JFH1 and L3k/JFH1 virus-specific infectivity under-
lined that their impaired hepatotropism was mainly due to an
entry defect (Fig. 5D).

TABLE 1 E2 expression in transfected 293T cells and E2 incorporation
on concentrated pseudoparticles of the different envelope glycoproteins
analyzed by Western blotting using the 3/11 or H52 antibodies to detect
E2 and p30 to detect MLV-CA

Envelope identification no.

Result fora:

Expression Incorporation

Patient 1 (genotype 1b)
S1a �� ��
S1b �� ��
S1c �� ��
S1d � ND
S1e �� ��
S1f �� ��
S1g �� ND
S1h �� ��
L1a �� ND
L1b �� ND
L1c �� ND
L1d �� ND
L1e �� ND
L1f �� ND
L1g �� ND
L1h �� ND
L1i �� ND

Patient 2 (genotype 2a)
S2a �� �
S2b �� ND
S2c �� �
S2d �� ��
S2e �� ��
S2f �� ��
S2g �� ��
S2h �� ND
S2i �� ��
S2j �� ND
S2k �� ND
S2l �� ��
S2m �� ND
S2n �� ND
L2a �� �
L2b �� �
L2c �� �
L2d ND ND
L2e � ND
L2f � ��
L2g �� ND
L2h �� �
L2i �� �
L2j � ND

Patient 3 (genotype 3a)
S3a �� �
S3b �� ND
S3c �� �
S3d �� ��
S3e ND ND
S3f �� �
S3g � ND
S3h �� ��
S3i �� ��
S3j �� �
S3k �� ND
S3l �� �
L3a � ND

TABLE 1 (Continued)

Envelope identification no.

Result fora:

Expression Incorporation

L3b ND ND
L3c �� �
L3d �� �
L3e ND ND
L3f � ND
L3g �� ND
L3h �� ND
L3i �� ND
L3j �� �
L3k �� ��
L3l � �
L3m � �

a �� similar to the level of wild-type E1E2 from the same genotype; � weak expression
or incorporation; ND nondetectable.
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FIG 3 Hepatotropism of HCVpp harboring the isolated E1E2. (A) Box and whisker representation of infectious titers on Huh-7.5 of HCVpp harboring E1E2
isolated from a same compartment and patient. HCVpp harboring E1E2 isolated from serum (S1 to S3) or B lymphocytes (L1 to L3) of patient 1, patient 2, or
patient 3 were used to infect Huh7.5 and distribution of HCVpp infectious titers for each patient compartment were calculated. HCVpp infectious titers were not
normalized with “no env” infectivity values, as normalization had no impact on presented distribution profiles. Results are expressed as infectious units (i.u.) per
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HCVcc harboring compartmentalized LyE1E2 sequences
preferentially enter into B lymphocytes. In order to determine
whether the impaired entry tropism of L1a/JFH1 and L3k/JFH1
HCVcc into hepatocyte cell lines can be explained by lymphotro-
pic specialization of these E1E2 sequences, we infected Raji cell

lines (non-Hodgkin’s B-lymphoma cell lines) with JFH-1 HCVcc
viruses expressing different envelope glycoproteins (H77, L1a,
and L3k) or not (�E1E2). Raji cells were infected with equivalent
amounts of HCV particles following quantification of genome
equivalent physical particles by RT-qPCR. Strikingly, the level of

milliliter. For each patient compartment, the bottom and top of the boxes represent the 25th and 75th percentiles, respectively, and the bold lines within boxes
represent the HCVpp infectivity median. The top (maximum value) and bottom (minimum value) of the whiskers represent the HCVpp infectivity standard
deviation (SD) for each patient compartment. Black dots located above the top of the whiskers represent the outlier or far-outlier values of the distributions. (B)
HCV entry assays using HCVpp harboring serum (S)- or B-lymphocyte (L)-derived envelope glycoproteins from patient 1 (S1x and L1x), patient 2 (S2x and L2x),
and patient 3 (S3x and L3x). Each envelope glycoprotein in a patient and compartment is identified with a minuscule letter. Huh-7.5 cells were inoculated with
HCVpp harboring the indicated envelope glycoproteins or no glycoprotein (no Env), and infectivity titers were determined by flow cytometry 72 h after
inoculation. HCV pseudoparticles harboring E1E2 from gt1a H77 (designated 7a [AF009606]), gt2a J6 (designated J6 [AF177036.1]), or gt3a UKN3a1.28
(designated UKN3 [AY734984]) are used as positive controls of infection. Results represent average infectious titers, expressed as infectious units (IU) per
milliliter (mean � SD; n � 4).

FIG 4 Related lymphotropism of serum- and B-lymphocyte-derived envelope glycoproteins. HCV entry assays using HCVpp harboring serum (S)- or B-lym-
phocyte (L)-derived envelope glycoproteins from patient 1 (S1x or L1x), patient 2 (S2x or L2x), and patient 3 (S3x or L3x). Each envelope glycoprotein in a patient
and compartment is identified by a lowercase letter. Raji, Daudi, Molt, and X174 cells were inoculated with HCVpp harboring the indicated envelope glycopro-
teins or no glycoprotein (no Env), and infectivity titers were determined by flow cytometry 72 h after inoculation. HCV pseudoparticles harboring E1E2 from
gt1a H77 (noted 7a, AF009606), gt2a J6 (noted J6; AF177036.1) or gt3a UKN3a1.28 (noted UKN3; AY734984) were used as controls. Results represent average
infectious titers, expressed as infectious units (i.u.) per milliliter (mean � SD; n � 4; ns, not significant).
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cell-associated viral RNA (normalized on the GAPDH mRNA
level) was significantly higher when Raji cells were incubated with
LyE1E2-HCVcc viruses, in contrast to Raji cells incubated with
�E1E2/JFH1 or with H77/JFH1 HCVcc (Fig. 6A). Such preferen-
tial association was also confirmed through independent isolation
and reverse transcription of cell-associated viral RNA from in-
fected Raji cells. Indeed, by using two successive nested PCRs, we
successfully managed to amplify E1E2 cDNA fragments from only
L1a/JFH1- and L3k/JFH1-infected Raji cells (Fig. 6B). No viral
E1E2 sequence could be amplified for the other conditions, high-
lighting a clear correlation between viral RNA amplification and
the origin of E1E2 envelope. Consistently with the fact that JFH-1
cannot productively replicate (B cells do not express the HCV
replication-dependent, liver-specific microRNA miR-122) and
produce viral particles within PBMCs (25), no significant produc-
tion of de novo physical particles could be detected in Raji cell
supernatants for any virus (Fig. 6C).

We then sought to determine whether the presence (or ab-
sence thereof) of viral RNA in B cells was associated with viral
protein expression. A reproducible expression of the viral an-

tigen NS5A could be detected in Raji cells infected with
LyE1E2-HCVcc viruses in contrast to cells infected with
�E1E2/JFH1 or with H77/JFH1 HCVcc (Fig. 6D). The percent-
age of Raji cells positive for NS5A were significantly higher
following incubation with LyE1E2-HCVcc viruses (L1a, 6.47%;
L3k, 4.67%; P � 0.001) than after incubation with H77/JFH1
HCVcc (3.11%) (Fig. 6D). Altogether, NS5A expression within
Raji cells ruled out the possibility that E1E2 lymphotropism
was resumed in our experimental settings due to an association
between viral particles and B-lymphocyte cell surface mole-
cules. In contrast, this result underlined that LyE1E2-HCVcc
viruses were able to induce the expression of a viral protein into
B lymphocytes in an E1E2-dependent manner despite the ab-
sence of viral particle production. We then determined the
ratio between Huh7.5-specific infectivity and Raji infectivity
(i.e., Raji infectious titers based on the percentage of NS5A-
positive Raji cells) of each envelope in order to quantify their
respective lymphotropism. Interestingly, the L1a envelope ap-
peared significantly more lymphotropic than the L3k envelope
(Fig. 6E), thus strongly highlighting a correlation between the

FIG 5 Production and characterization of the LyE1E2-HCVcc viruses. HCVcc particles harboring the H77, L1a, or L3k envelope glycoproteins or encoding a
genome deleted for E1 and E2 (�E1E2) were harvested at 48 h and 72 h after electroporation of Huh7.5 cells and analyzed for HCV infectivity by titration on naive
Huh-7.5 cells. Titers are expressed as focus-forming units (FFU) per milliliter (mean � SD; n � 4) (A) and RNA copies as HCV RNA genome equivalent (GE)
levels determined by qRT-PCR (B). A replication (GND)-defective genome was used as a negative control for quantification of viral RNA. (C) Intracellular and
extracellular infectious titers of HCVcc viral particles harboring the different E1E2 at 72 h after electroporation. Viral particles were harvested either from cell
supernatant (extracellular infectivity) or after disruption of producer cell membranes (intracellular infectivity) and titrated on naive Huh-7.5 cells. Results are
expressed as focus-forming units per milliliter (mean � SD; n � 3). (D) Specific infectivity of HCVcc viral particles harboring the three different envelope
glycoproteins was calculated as infectivity per HCV RNA GE at 48 h and 72 h postelectroporation.
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FIG 6 Characterization of the LyE1E2-HCVcc lymphotropism. (A) Quantification of cell-associated viral RNA following Raji cell infection with HCVcc
harboring the different E1E2 proteins (H77, L1a, and L3k) or no E1E2 (�E1E2). Four days postinfection, Raji cells were harvested and lysed, and total RNA was
extracted. The amounts of cell-associated viral RNA for each infection were then determined by RT-qPCR and normalized with the GAPDH mRNA expression
level (mean � standard deviation [SD]; n � 4) *, P � 0.05. (B) Amplification of E1E2 sequences isolated from infected Raji cells. Following infection, intracellular
RNAs were isolated from Raji cells and reverse transcribed. E1E2 sequences were then amplified by nested PCR with E1E2 outer unspecific and inner specific
primers (for each construct H77, La1, L3k, and �E1E2). The HCVcc-encoding plasmid pFK H77/JFH1/HQL was used as a control of amplification. (C)
Quantification of viral RNA within Raji cell culture supernatants following infection with HCVcc harboring the different E1E2 proteins (H77, L1a, and L3k) or
no E1E2 (�E1E2). Cell supernatants were harvested 4 days postinfection, and the level of viral RNA was quantified by RT-qPCR (mean � SD; n � 4). (D)
Expression of NS5A viral protein within Raji cells infected by the different HCVcc viruses. The percentage of NS5A-positive Raji cells following infection with
HCVcc harboring the different E1E2 proteins (H77, L1a, and L3k) or no E1E2 (�E1E2) were determined 4 days postinfection by measuring NS5A expression
levels using flow cytometry (FACSCanto II; BD Biosciences) (mean � SD; n � 4). **, P � 0.001; *, P � 0.05. (E) Lymphotropism of the different HCVcc virus.
The average ratios between Huh-7.5-specific infectivity (Fig. 5D) and Raji infectivity (Raji infectious titers calculated based on the percentage of NS5A-positive
cells) (Fig. 6D) for each HCVcc virus were calculated (mean � SD; n � 4). **, P � 0.001.
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degree of lymphotropism and the degree of phylogenetic seg-
regation.

LyE1E2-HCVcc virus entry into B cells occurs via an endocy-
tosis, pH-dependent process. HCV entry into hepatocytes is reg-
ulated by several viral and cellular mediators. To challenge the
ability of the LyE1E2-HCVcc viruses to enter into B cells, as well as
to characterize some features of this phenomenon, we aimed to
inhibit LyE1E2-HCVcc virus entry into Raji cells. Following viral
particle internalization, the release of the viral RNA into the cell
cytosol follows the merging of virus and endosome membrane
(“membrane fusion”). Such fusion is dependent of several E1E2
conformational changes that are triggered by E1E2 receptor inter-
actions and endosomal acidification. Bafilomycin A1 has been
shown to inhibit HCV fusion through blocking of the acidification
of early endosome (35). Thus, we sought to test the impact of the
bafilomycin A1 on LyE1E2-HCVcc virus entry into B cells in order
to demonstrate the role of E1E2 in this process. We first assessed
the ability of bafilomycin A1 to inhibit entry of pseudoparticles
harboring VSV-G envelope glycoproteins (VSVGpp) into Raji
cells. Incubation of Raji cells with 10 nM and 25 nM bafilomycin
before (30 min) and during (6 h) infection totally abrogated entry
of VSVpp, as detected by the absence of GFP expression into Raji
cells 4 days postinfection (Fig. 7A). In parallel, a concentration of
50 nM appeared to be toxic for the cells. Following pretreatment
with 20 nM bafilomycin, Raji cells were then infected with equiv-
alent amount of HCVcc virus (�E1E2/JFH1, H77/JFH1, L1a/
JFH1, or L3k/JFH1) premixed with 20 nM bafilomycin A1. Four
days postinfection, cells were lysed, and cell-associated viral RNA
was quantified by one-step RT-qPCR. Viral RNA levels were nor-
malized on GAPDH mRNA expression level to account for any
cell toxicity effect due to bafilomycin A1 treatment. Moreover, we
also ascertained the absence of strong cytotoxic effect of bafilomy-
cin A1 on cell viability and cell surface molecule expression during
the course of infection by quantifying Raji cell viability and CD81
cell surface expression (Fig. 7B). Importantly, the amount of
LyE1E2-HCVcc viral RNA was significantly reduced in Raji cells
treated with bafilomycin A1 in contrast to DMSO-treated cells
(Fig. 7C). In parallel, levels of H77/JFH1 RNA within B cells re-
mained unchanged by bafilomycin A1 treatment. Overall, these
results highlighted that LyE1E2-HCVcc virus enters specifically
into B cells through an E1E2-mediated, pH-dependent process as
hepatotropic HCV variants.

Several cell surface molecules have been previously demon-
strated to be critical for HCV entry into hepatocytes. Thus, we
next sought to analyze the impact of CD81 on HCV entry into B
cells, a critical HCV receptor in the liver that is significantly ex-
press by Raji cells (Fig. 7B). Following preincubation with an anti-
CD81 antibody known to inhibit HCV binding (36), Raji cells
were infected with equivalent amount of HCVcc virus (H77/JFH1,
L1a/JFH1, or L3k/JFH1) or with HCVcc encoding no envelope
glycoprotein (�E1E2/JFH1). Four days postinfection, no signifi-
cant reduction of viral RNA could be observed in Raji cells in-
fected by LyE1E2-HCVcc and treated with JS81 anti-CD81 anti-
body in comparison to infected, nontreated cells (Fig. 7D). The
ability of the anti-CD81 antibody JS81 to efficiently bind CD81 at
the Raji cell surface in the same experimental settings was con-
trolled in parallel (Fig. 7E).

Overall, the absence of entry neutralization by the anti-CD81
antibody suggests that LyE1E2-HCVcc viruses use alternative en-
try routes and receptors prior to internalization into B cells. Sur-

prisingly, entry of L1a/JFH-1 HCVcc was slightly but significantly
enhanced when CD81 was blocked (Fig. 7D), suggesting that par-
ticular lymphotropic strains may have conserved a residual affin-
ity for CD81. The potential ability of CD81 to hamper the entry of
particular LyE1E2-HCVcc viruses into B cells supports the idea
that such entry is both a specific and CD81-independent process.

A global phylogenetic analysis highlights the existence of
variants from two different genotypes segregating between se-
rum and B cells in patient 1. To investigate the global genetic
diversity of isolated E1E2 proteins, we conducted a global phylo-
genetic analysis of all isolated sequences. We also added reference
sequences of additional genotypes and of the envelope glycopro-
tein of the SB strain. The HCV SB strain has been isolated from a
B-cell line derived from a patient with non-Hodgkin’s lymphoma,
and HCV SB strain virus has been found to slightly infect PBMCs
(22). Interestingly, L1 and S1 E1E2 amino acid sequences were not
found to be monophyletic (Fig. 8A), in contrast to E1E2 sequences
from patients 2 and 3, supporting their origins from different
genotypes. A tree computed on the nucleotide alignment gave
similar results (Fig. 8B). The S1 sequences clearly appear to belong
to genotype 1b, whereas the L1 sequences are more related to
genotype 2 sequences (Fig. 8). Interestingly, L1a’s closest relative is
the B-cell-line-derived E1E2 sequence from the SB strain (88%
identical), which is also related to genotype 2b (22), thus suggest-
ing a potential ability of genotype 2 viruses to become more easily
lymphotropic than other genotypes. The clear segregation in each
compartment of the two distinct genotypes indicates a strong spe-
cialization of each genotype in patient 1. This strict phylogenetic
compartmentalization, much stronger than those previously re-
ported for shorter segments (12, 13, 18, 23), highly supports the
fact that the lymphocyte-derived viruses from patient 1 could har-
bor significant specialization for lymphocyte infection in vivo.

We then took advantage of the close proximity of the L1 se-
quences with the sequence of reference of gt2b (Ref2b; character-
ized as hepatotropic) to assess the presence of potential specific
mutations within L1 sequences. Interestingly, amino acid se-
quence alignments of three L1 sequences (L1a, L1b, and L1g; the
L1b to L1i sequences are highly similar) with the Ref2b sequence
highlighted six major amino acid substitutions within the L1
group in comparison to Ref2b sequence (Fig. 9). These substitu-
tions were either similar (R106Y, T137P, H204R, K218Q, and
E333R) or equivalent in term of polarity or hydrophobicity mod-
ifications (G271N/E). Interestingly, these substitutions were
found at the same positions within the SB sequence. Among them,
three substitutions were similar to L1 sequences (T137P, H204R,
and K218Q), and two substitutions were equivalent in terms of
polarity (G271R and E333K). Thus, these residues could represent
a visible piece of the combination of substitutions that could char-
acterize the lymphotropism of genotype 2b-E1E2 sequences.

DISCUSSION

HCV lymphotropism has remained for a long time a controversial
and poorly understood phenomenon. Even though it is certain
that HCV infection of PBMCs does not represent a major site of
viral replication in vivo in comparison to the liver, considerable
evidence over recent years has shown that such side events can be
now significantly detected in patients and in some cases have an
effect on pathogenesis. However, the molecular characterization
of this phenomenon still remains to be achieved. In this study, we
analyzed for the first time the genetic compartmentalization of full
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HCV E1E2 sequences in four chronically infected patients. We
observed that one patient (patient 1) presented a genetic compart-
mentalization between E1E2 sequences isolated from serum and B
lymphocytes, suggesting their strong specialization. In contrast,
the three other patients displayed no or very poor compartmen-
talization of HCV E1E2, likely reflecting different lymphotropism

features among genotypes or infection stages. Expression of L1a
and L3k envelopes at the HCVcc JFH-1 virus surface was able to
confer to this virus the ability to enter B cells, and viral entry
appeared to be dependent on endosomal acidification. Finally, the
level of lymphotropism of L1a/JFH-1 and L3k/JFH-1, determined
through their ability to enter into Huh7.5 and Raji cells, high-

FIG 7 Effect of bafilomycin A1 and anti-CD81 JS81 antibody on LyE1E2-HCVcc entry into Raji cells. (A) Impact of bafilomycin A1 on VSVGpp entry into Raji
cells. Following pretreatment with DMSO or with different concentrations of bafilomycin A1 (10, 25, or 50 	M), Raji cells were infected at 37°C with an
equivalent amount of VSVGpp premixed with the respective concentration of bafilomycin A1 or DMSO. Six hours later, cells were washed, and GFP expression
was assessed 4 days later by flow cytometry. (B) Raji cell viability (left) and cell surface expression of CD81 at Raji cell surface (right) following bafilomycin
treatment. Following a 4-day treatment with DMSO or 20 	M bafilomycin A1, Raji cells were stained with propidium iodide or anti-CD81 antibody. Cell death
and CD81 expression levels were quantified by flow cytometry. (C) Raji cells were infected with HCVcc harboring the different E1E2 proteins (H77, L1a, and L3k)
or no E1E2 (�E1E2) in the presence of DMSO or 20 	M bafilomycin A1. Four days postinfection, Raji cells were harvested, lysed, and total RNA were extracted.
Amounts of cell-associated viral RNA for each infection were then determined by RT-qPCR and normalized with the GAPDH mRNA expression level. Results
are presented as cell-associated viral RNA fold change relatively to viral RNA levels detected in Raji cells treated with DMSO (mean � SD; n � 4) *, P � 0.05. (D)
Efficiency of CD81 neutralization by the anti-CD81 antibody JS81 prior to HCVcc infection. Raji cells were incubated for 1 h with the anti-CD81 antibody JS81
or not prior to infection with HCVcc harboring the different E1E2 proteins (H77, L1a, and L3k) or no E1E2 (�E1E2). Four days postinfection, cell-associated
viral RNA fold changes were determined as described above (mean � SD; n � 4) *, P � 0.05. (E) CD81 cell surface expression in Raji cells after 1 h of anti-CD81
treatment and measured as in panel B.
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FIG 8 General phylogenetic analysis of E1E2 amino acid and nucleotide sequences. Phylogenetic trees depicting the general compartmentalization of E1E2
amino acids (A) and nucleotide (B) sequences are shown. The maximum likelihood tree was rooted with the midpoint root. Bootstrap values are indicated for
the main nodes. Reference sequences 1b, 2a, 2b, and 3a were included in the analysis. Black dots indicate serum-derived sequences, and red dots correspond to
B-lymphocyte-extracted sequences. White dots correspond to reference proteins of genotypes 1b, 2a, 2b, and 3a.
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lighted a correlation between the degree of envelope compart-
mentalization and lymphotropism. Altogether, our results sup-
port the existence in chronically infected patients of specialized
HCV variants able to enter into B cells through a specific, E1E2-
dependent process. Our findings are consistent with previous
studies showing that slight entry of HCV patient-derived particles
can be detected within PBMCs (3, 4, 12–16, 18, 21) in contrast to
the JFH-1 virus (24).

The close genetic proximity of the L1a E1E2 proteins to the
envelope glycoproteins from the lymphotropic SB virus (22), iso-
lated from a different patient from another continent, reinforced
the assumption that L1a E1E2 proteins carry important lympho-
tropism determinants. Here, we have highlighted a few amino
acids that could represent potential mediators of HCV lymphot-
ropism. However, the complete mapping of E1E2 lymphotropic
determinants encounters several difficulties. First, it is likely that,
with regard to the important genetic diversity between HCV ge-
notypes, the E1E2 lymphotropism is mediated by a particular ge-
netic combination of critical mutations in a genotype-dependent
manner. Second, the complete identification of the genetic com-
bination within genotypes would require the analysis and charac-
terization of an important number of sequences. In the future, the
characterization of the role in HCV lymphotropism of the amino
acids pointed out by our study, combined with the isolation and
analysis of more B-cell-derived genotype 2b HCV sequences
(E1E2 but not limited to E1E2), could provide a better character-
ization of the HCV lymphotropism determinants.

Even though the L3k envelope was less lymphotropic than the
L1a one (Fig. 6E), this envelope was able to confer to JFH-1 a
significant ability to enter into B cells despite a poor genetic com-

partmentalization. Hence, the low degree of compartmentaliza-
tion of L3k could also reflect the overall weak lymphotropism of
the related quasispecies despite potent entry ability. Indeed, these
viruses may carry genetic determinants that are poorly adapted for
productive infection of B-lymphocytes, hence making viral entry a
dead end for these variants.

The low compartmentalization and divergence rate of lympho-
cyte-derived viruses of patients 2, 3, and 4 suggest that these vi-
ruses have been very recently and independently acquired from
serum-derived viruses, during multiple contamination events. In
contrast, the higher specialization for B-lymphocyte entry of the
L1 E1E2 sequences supports the view that the entire genome of the
corresponding quasispecies is likely adapted for replication and
viral particle production in B lymphocytes. Consistently, HVR1
and IRES sequences have already been shown to display a strong
and marked genetic compartmentalization in vivo between B lym-
phocytes and serum-derived sequences (12, 23). In this study, the
LyE1E2-HCVcc virus infectious cycle within B cells was restricted
to virus entry and protein translation. Thus, the identification of
additional genetic adaptations within nonstructural proteins of
lymphocyte-derived variants could provide valuable information
to assess if, and to what extent, HCV lymphotropic variants can
replicate and produce de novo viral particles in B cells. Previous
reports demonstrating that efficient HCV replication is dependent
on the liver-specific microRNA mir122 (37) likely argue in favor
of low HCV replication within B cells. Thus, the existence of adap-
tive mutations favoring HCV lymphotropic variants to escape the
miR-122 requirement for replication remains to be demonstrated.

The ability of bafilomycin A1 to inhibit LyE1E2-HCVcc virus
entry into B cells strongly suggested that entry into B cells is a

FIG 9 Amino acid alignment of L1 sequences with the Ref2b sequence. As L1b-to-L1i sequences harbor a high degree of similarities, only two sequences
representative of this group were aligned (L1b and L1g) with L1a and Ref2b. Levels of conservation of amino acids are indicated. E1 and E2 sequences are
separated by a bold vertical line. Colors indicate physicochemical similarities between amino acids. R106Y, T137P, H204R, K218Q, G271N/E, and E333R are
indicated by red arrows.
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specific, E1E2-dependent process. In parallel, the incapacity of an
anti-CD81 antibody to impair entry of HCV particles into B cells
underlined that lymphotropic HCV variants might use alternative
entry routes from CD81 to penetrate B cells. Such a hypothesis was
strengthened by the observation that anti-CD81 antibody can
slightly enhance the entry of L1a/JFH-1 virus into B cells. Consis-
tently, previous reports have also demonstrated that the entry of
patient-derived HCV particles into T cells depends on alternative
cell surface molecules that are not involved in HCV entry into
hepatocytes, such as the cell surface protein CD5 (21). In parallel,
EWI-2wint is a cell surface molecule that has been shown to re-
strict HCV infection through the containment of CD81 into tet-
raspanin-enriched area (38). This molecule is expressed in several
human non-liver cells such as B cells but not in hepatocytes, thus
acting in the restricted hepatotropism of HCV. Hence, the ability
of B-cell-specialized E1E2 to bypass such restriction when enter-
ing to B cells represents an additional argument that HCV lym-
photropic strains might use alternative entry routes independent
of CD81.

In the future, the characterization of such alternative routes
could seriously improve our understanding of the molecular
mechanisms governing HCV lymphotropism. In this regard, the
HCVcc model represents a model of choice. Indeed, when incor-
porated onto HCVpp, the L1a and L3k E1E2 proteins presented a
residual hepatotropism that contrasted with their very low hepa-
totropism when expressed onto HCVcc particles. By supporting
proper viral particle assembly and virus-lipoprotein association,
the HCVcc system likely represents a more relevant system than
the HCVpp model to study HCV lymphotropism. A particular
lipoprotein association, depending on unusual E1E2 conforma-
tions, could affect entry into hepatocytes and enhance B-lympho-
cyte infection. The presence of critical amino acid variants within
the L1 E1E2 sequences could be responsible for such modified

interactions between HCV and lipoproteins and so far for the
modification of HCV entry properties. Future studies aiming to
isolate B-cell-derived full-length HCV genomes or HCV proteins
involved in particle assembly will therefore be of strong interest to
decipher particular interactions between the lipoprotein metabo-
lism and HCV lymphotropic variants.

Patient 1 displayed two distinct genotypes (genotypes 1 and 2)
that were specialized for hepatocytes and lymphocytes, respec-
tively. It is interesting to point out that genotypes 1 and 2 are
mainly found in patients with mixed cryoglobulinemia (MC)
(39), suggesting that these two genotypes might also be the major
mediators of HCV-related extrahepatic disorders. Two hypothe-
ses can explain the presence of two distinct genotypes. First, pa-
tient 1 is a case of multiple infections, where both genotypes be-
came highly specialized and predominant in the serum and in the
lymphocytes. Second, lymphocyte specialization drove a high evo-
lutionary rate of genotype 1 sequences that converged to the ge-
notype 2 sequence type. The latter hypothesis is very unlikely
given that they display very high divergence rates, and this would
imply that these sequences converged toward an existing geno-
type. In the multiple-infection hypothesis, the competition be-
tween two genotypes would necessarily lead to the extinction of
the less fit one over time, which is in accordance with the obser-
vation that cases of mixed infection in serum are very rare (40, 41).
Therefore, the use of lymphocytes as hidden reservoirs could be a
means for the less fit viruses to maintain their population and
persist within an independent reservoir in a chronically infected
patient (Fig. 10). Consequently, the strong specialization of some
B-lymphocyte-derived variants is consistent with their inability to
constitute a viral reservoir able to rapidly reinfect hepatocytes later
after sustainable viral responses or liver transplantation (23, 42,
43) (Fig. 10). However, these variants likely constitute a significant
source for viral persistence, lymphoproliferative disorders, and

FIG 10 Potential genetic and clinical features of E1E2-dependent lymphotropism. The strong genetic compartmentalization observed between serum-derived
E1E2 (black circle) and B-cell-derived E1E2 (red circle) suggests a strong specialization of these envelopes for hepatocytes and B cells, respectively. Accordingly,
B-cell variants would infect and replicate specifically in B-cell compartments, whereas hepatocyte variants would replicate specifically within the liver. B-cell
infection could then induce a viral persistence in HCV patients that undergo sustainable viral responses or liver transplantation. Such persistence could be
associated with several extrahepatic manifestations as lymphoproliferative disorders. Dysfunction of B cells following infection may affect in return the immune
response and contribute to enhance viral replication of liver-derived variants, and thus liver pathogenesis.
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immune escape. Deregulation of PBMCs’ immune functions
could contribute in return to the maintenance of this viral persis-
tence in lymphocytes, by promoting serum-derived variants’ rep-
lication in liver tissues (Fig. 10). Therefore, understanding the
dynamics and the diversity of HCV variants, their reservoirs, and
their related genetic determinants may be essential to improve
durable patient treatments.
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